To advance the effectiveness of the current Hanwoo improvement system, we developed a general simulation that compared a series of breeding schemes under realistic user circumstances. We call this system the Integrated General Model (IGM) and it allows users to control the breeding schemes and selection methods by manipulating the input parameters. The Current Hanwoo Performance and Progeny Test (CHPPT) scheme was simulated with a Modified Hanwoo Performance and Progeny Test (MHPPT) scheme using a Hanwoo Breeding Farm cow population of the Livestock Improvement Main Center (LOMC) of the National Agricultural Cooperatives Federation (NACF). To compare the two schemes, a new method, the Simple Hanwoo Performance Test (SHPT), which uses ultrasound technology for measuring the carcass traits of live animals, was developed. These three models, including the CHPPT, incorporated three types of selection criteria: phenotype (PH), true breeding value (TBV), and estimated breeding value (EBV). The simulation was scheduled to mimic an actual Hanwoo breeding program; thus, the simulation was run to include the years 1983-2020 for each breeding method and was replicated 10 times. The parameters for simulation were derived from the literature. Approximately 642,000 animals were simulated per replication for the CHPPT scheme; 129,000 animals were simulated for the MHPPT scheme and 112,000 animals for the SHPT scheme. Throughout the 38-year simulation, all estimated parameters of each simulated population, regardless of population size, showed results similar to the input parameters. The deviations between input and output values for the parameters in the large populations were statistically acceptable. In this study, we integrated three simulated models, including the CHPPT, in an attempt to achieve the greatest genetic gains within major economic traits including body weight at 12 months of age (BW12), body weight at 24 months of age (BW24), average daily gain from 6 to 12 months (ADG), carcass weight (CWT), carcass longissimus muscle area (CLMA), carcass marbling score (CMS), ultrasound scanned longissimus muscle area (ULMA), and ultrasound scanned marbling score (UMS).
INTRODUCTION
The main issues that need to be addressed with the current Hanwoo breeding system include improvements to performance testing records for selecting cows as well as expenses, the length of time to select a sire, and population size. Thus, a more general system for breeding and selecting cattle is needed.
Few studies have been carried out to improve the current Hanwoo breeding scheme. Sul and Chung (1971) studied the early selection of Hanwoo. They recommended that selecting animals based on body weight or body measurements between 12 and 15 months of age would be useful. Ju (2001) , as well as Ju and Kim (2002) , developed a simulation program to examine the current Hanwoo breeding scheme. This comprised a simple linear model with a fixed effect and additive genetic effect, and MTDFREML was used to estimate breeding values. Ju (2001) simulated two different breeding schemes. Model I was a performance test scheme and Model II imitated the current Hanwoo breeding scheme, whereby 10 sires were mated with 1,000 dams. These studies suggested that the weights and carcass records of cows as well as the ultrasound measurements of young bulls should be used to improve the efficiency of the current Hanwoo breeding scheme. The ultrasound measurements of young bulls would reduce the need for the progeny test (Won et al., 2000; Lee, 2003) . However, under the current Hanwoo registration system operated by the Korea Animal Improvement Association (KAIA), some phenotypic variations of the animal, such as small black spots on the nose, would disqualify it for registry, thus depriving it a chance to be selected as a proven bull. The black spot problem can be detected only via the progeny test at present. Moreover, utilizing the carcass data of cows in the slaughterhouse would be difficult because the cows would exhibit different parity, age, and nutritive conditions at slaughter, thus requiring several years to collect such data for analyses.
Therefore, further analysis is needed to find a more feasible and faster way to improve the current cattle breeding scheme. To do this, we focused on the development of a more effective and general Hanwoo improvement system using in silico simulation. Specifically, a simulation program for two types of a modified Hanwoo Performance and Progeny Test (HPPT) scheme as well as the current one were developed and compared.
MATERIALS AND METHODS

Development of the simulation program
The simulation program was written in C language (Kernighan and Ritchie, 1988) and compiled by gcc (GNU compiler) . The program consisted of five modules: building the base population with the given parameters, genetic evaluation using BLUPF90IOD (Tsuruta et al., 2001) , phenotypic evaluation of steers to evaluate their sires (young bulls), selection of proper animals with the given parameters, and mating selected animals in a random manner with the given parameters.
The simulation program needed to maintain a certain number of female cows and calves for stable simulation. The age distribution in the herd was calculated using the SAS/IML package according to the procedure proposed by Azzam et al. (1990) . For calculating the inbreeding coefficient for each animal, the algorithm reported by Meuwseen and Luo (1992) was implemented. Selection was made based on the true breeding value (relative weights for each trait should be entered into the program via a parameter file), phenotypic value (relative weight needed), and estimated breeding value (relative weight needed).
When relative weights were given, all observations were standardized and multiplied with the given weights to calculate a selection index before selection. A rank was given per animal according to its selection index and these were sorted in descending order. Therefore, giving negative weight to the traits sorted in ascending order was necessary. A random mating algorithm was implemented in this simulation program. Sires were selected in a random manner and, as a result, all dams should be mated with a random sire. In some specific cases, sires did not have a chance to mate. In addition, a user can restrict the number of sires by entering fewer sires than the total number of proven bulls, and the young bulls for progeny test enables them an equal chance to breed.
For cows, two culling methods were incorporated in the program. The first encompassed natural selection based on the given survival rate of animals at each age. To mimic natural selection, a random number drawn from a uniform distribution was compared with the survival rate. If the random value was greater than that, then the animal was culled. This was done according to animal's age and the survival rate (1.0 = culling rate), which should be given by the user. The second culling method incorporated artificial selection. We conducted selection in some schemes for yearling animals. Only certain numbers of animals with high index scores could survive. Given that the number of animals in each year may vary, selection was made by providing the number of animals to select rather than by using a selection ratio. Therefore, the selection ratio can be slightly different from year to year, but will be similar in the long run. When artificial selection is used, the survival ratio should be changed for the relevant age to maintain the age distribution of a population. If this were not done, the population size would diminish with time.
For bulls, culling was done based on the animal's age, taking into account three different groups: proven bulls, steers (progeny of young bulls selected for the progeny test), and ordinary bulls. Animals belonging to each group were culled according to the given age of the group.
Test of the simulation program
The simulated traits included body weight at 12 months of age (BW12), body weight at 24 months of age (BW24), average daily gain from 6 to 12 months (ADG), carcass weight (CWT), carcass longissimus muscle area (CLMA), carcass marbling score (CMS), ultrasound scanned longissimus muscle area (ULMA), and ultrasound scanned marbling score (UMS). The parameters used in the simulation were derived from the literature.
In total, 100,000 animals were simulated with the given parameters to verify whether the developed program generated breeding values, error values, and phenotypic values within an acceptable range compared to the parameters shown in the Supplementary General Assumption and T1-T4. A sex ratio of 0.50 and means for different traits were given by sex. The trait means predetermined for males were 300, 435, 530, 300, 77, 2.3, 77, and 2.3 for BW12, BW24, ADG, CWT, CLMA, CMS, ULMA, and UMS, respectively, and trait means given for females were 215, 334, 530, 300, 77, 2.3, 77 , and 2.3 for BW12, BW24, ADG, CWT, CLMA, CMS, ULMA, and UMS, respectively. Therefore, only the means of BW12 and BW24 differed by sex. Verification was carried out with the SAS package (SAS institute, 1990 ) and means, medians, variances, and skewedness of each trait, as well as sex ratio, phenotypic and genetic correlations, were validated. The realized phenotypic correlations between traits were calculated for male and female populations separately because of different means by sex.
Simulation of Hanwoo breeding schemes
For the automatic regulation of population size, especially for female populations, a Leslie's transition matrix A was used. The fertility was set at 70% and the raising rate (i.e., the percentage of animals of age 1 year that can successfully reach 2 years) was assumed to be 0.70. For the convenience of the simulation, the survival rate was assumed to be 0.90 for ages 2-6 years. The maximum animal age in the population was assumed to be 6 years because the average parity of Hanwoo is known to be approximately 3 years. The age distribution of the population at equilibrium is shown in Supplementary Table  4 . Only the female population was managed at equilibrium and male calves were assumed to be sold at an age of 2 years from the 5th year of base population simulation. During the first 4 years of simulation, bull calves were used as a source for proven bulls. The average age in a herd was 3.07 years, while the average age of culled cows was 3.87 years and the population size growth rate was 1.0009 per year.
The flowchart of the integrated general model (IGM) is shown in Figure 1 . Selection and mating processes share the same parameter file, while generation of the base population and genetic evaluation processes used their own parameter files. The user should calculate the age distribution of the population at equilibrium before generating a base population. The overall assumptions used in this simulation study are summarized in Table 1. MODEL 1: Current HPPT scheme (CHPPT) (Supplementary Figure 1) This model was running the performance and progeny test for a given population size. For computational simplicity, the number of animals was maintained to be the same as the initial state. For the first four years of simulations young bulls and proven bulls were selected from the population based on phenotypes rather than breeding values.
MODEL 2: Modified HPPT scheme (MHPPT) (Supplementary Figure 2) The Modified Hanwoo Performance and Progeny Test scheme was prepared by the Ministry of Agriculture and Forestry (MAF) and will be implemented in the near future. The MHPPT scheme has undergone major changes from the CHPPT scheme; e.g., cows were recorded and selected based on performance, the cows mated for progeny tests were also selected from Hanwoo Breeding Farms (HBFs), and the offspring of young bulls can be selected as young bulls again. Figure 3) A simple Hanwoo performance test scheme (SHPT) was compared with two other schemes. SHPT utilized ultrasound technology for carcass trait evaluation so that the time needed for progeny testing could be reduced. The female calf selection was conducted within farms. During the first 3 years of simulation, proven bulls were selected from the base population based on phenotypes. Thereafter, it was selected based on phenotypes, estimated breeding values, and/or true breeding values. Heifers were also selected based on their phenotypes during the first 3 years and later changed according to each selection method. With the selection of heifers, the culling rate at age 1 year was changed from 0.1 to 0.0 to maintain the same population size from year to year. It was important to maintain an equal population size by year for keeping the selection intensity at the same level and maintaining stability of the breeding scheme. Throughout the simulation, the number of live cows was managed as the same as that at the beginning of simulation.
MODEL 3: Simple Hanwoo performance test scheme (SHPT) (Supplementary
Three different breeding schemes, three different selection methods, and 10 replications were performed for each year. The proven bull used prior to applying a selection method in 1988 was selected based on its phenotypic value using the same weight for the selection index throughout the simulation in the CHPPT and MHPPT schemes. The proven bull used prior to application of the selection method in 1986 was selected based on its phenotypic value using the same weight for the selection index throughout the simulation in the SHPT scheme. Therefore, proven bulls used from 1983 to 1987 in the CHPPT and MHPPT, as well as those during 1983 to 1885 in the SHPT, were chosen based on phenotypic values.
Evaluation of three different breeding schemes
The inbreeding coefficient of an individual was calculated using the algorithm reported by Meuwseen and Luo (1992) and averaged based on the individual's birth year. The annual rates of inbreeding caused by different breeding schemes and different selection methods were compared. The expected rate of inbreeding per generation was calculated using an approximation equation (Falconer, 1996) . The annual rate of inbreeding was derived by dividing the rate of inbreeding by the generation interval calculated from the average parental age at the birth of an animal. Annual genetic gains for each scheme were estimated by simple linear regression and relative efficiencies, and were compared to those calculated using the CHPPT. Given that the proven bull selection method is in the early stages of simulation (i.e., all proven bulls were selected based on phenotypic values from 1983 to 1987 in the CHPPT and MHPPT schemes, as well as from 1983 to 1985 in the SHPT scheme), genetic gains after 1988 were used for comparison.
The additive genetic variances were checked for each breeding scheme by calculating the variance from the true breeding values of animals by birth year. The additive genetic variances were compared based on the selection method within the same breeding scheme. A Pearson's correlation between the true breeding value and estimated breeding value was computed to check the accuracy of the BLUP estimation. The SAS package (SAS Institute, 1990) was used for several statistical calculations needed for this study.
RESULTS AND DISCUSSION
Verification of the IGM
In total, 100,000 simulated animals were generated with the parameters listed in Supplementary Table 1, 2, 3, 4 and 5 to test whether the simulation program generated proper values. The sex ratios and frequencies of age groups were checked. The simulated sex ratio (male per female) was 1.0096 with given parameter 1.0 (Supplementary Table 6 ). The simulated proportions of each age group were 25.83%, 18.19%, 16.40%, 14.64%, 13.10%, and 11.85%, while the given proportions were 25.90%, 18.10%, 16.30%, 14.70%, 13.20%, and 11.90% for age groups 1 through 6, respectively. No significant differences existed between the simulated and given values.
The simulated genetic and phenotypic correlations were checked with the given parameters. The simulated genetic correlations were almost the same given the genetic correlations and the differences did not exceed 0.01 magnitude (Supplementary Table 7 ). The simulated Table 7 ) because those of the males showed almost the same correlations. The means, medians, variances, and skewedness of simulated traits were checked and listed in Table 2 . The means of simulated traits as true breeding values or error values ranged from -0.0714 to 0.1266; no values of exactly zero were observed, and no evidence indicated that means were not zero (i.e., all were significant in the t-test under the null hypothesis, μ = 0; p>0.5). To verify the degree of asymmetry of a distribution, skewedness was checked for each trait. The skewedness of the true breeding values ranged from -0.01 to 0.02, which suggested that the tail at the low end of the distribution and the right tail at the high end of the distribution were almost equal and the distributions were all symmetric. Variances of the true breeding values and error values of each trait were calculated. The given variances of true breeding values for BW12, BW24, ADG, CWT, CLMA, CMS, ULMA, and UMS were 250, 620, 0.0032, 255, 22, 0.77, 22, and 0.77, respectively. The realized variances from the simulation for BW12, BW24, ADG, CWT, CLMA, CMS, ULMA, and UMS were 251.2, 621.3, 0.0, 254.9, 21.9, 0.8, 21 .9, and 0.8, respectively. Slight but negligible differences between the given variances and simulated variances were noted. The given variance of the error values for BW12, BW24, ADG, CWT, CLMA, CMS, ULMA, and UMS were 970, 2,140, 0.014, 720, 42, 0.92, 42, and 0.92, respectively . Moreover, calculated variances from simulation for BW12, BW24, ADG, CWT, CLMA, CMS, ULMA, and UMS were 978.2, 2154.5, 0.0, 724.2, 42.0, 0.9, 42.0, and 0.9, respectively. Small differences between the given and simulated variances were found. The phenotypic means of each trait were calculated for BW12 and BW24, and the means were calculated separately by sex. The differences of means for each trait and sex were very small.
Average generation interval and expected rate of inbreeding
The average generation interval was calculated by averaging the ages of sires and dams when the calves were born (Falconer, 1996) . The calculated generation interval is presented in Table 3 . To calculate the generation interval, data prior to 1988 were discarded to eliminate unstable stages of the simulation in which proven bulls were selected based on phenotypic values from a male population of 500 with a similar age distribution to that of the female population. The generation interval was 4.3 for the CHPPT scheme, 4.2 for MHPPT, and 3.8 for SHPT. For the CHPPT and MHPPT schemes, proven bulls were supposed to be selected at age 5, but younger bulls (age 2 years) were also included in the progeny test. Coupled with the average age of cows in the population and the young bulls, the generation interval falls between 4.3 and 4.2. Given that no progeny test was used in SHPT scheme, the generation interval was shorter than that of the CHPPT or MHPPT (Table 3 ). The expected annual rate of inbreeding for the CHPPT scheme was calculated from the generation interval and is listed in Table 3 . In Table 4 , the expected annual rates of inbreeding were compared to those of the CHPPT, MHPPT, and SHPT schemes. The expected rate of inbreeding for SHPT fell within the range of the realized The generation interval was calculated from the averaged age of the sire and dam at the animals' birth according to Falconer (1996) . (Falconer, 1996) .
one, whereas the expected rates of inbreeding for CHPPT and MHPPT were slightly higher than that realized. For proven bulls, the rates of inbreeding were much higher than expected, but ranged less than 5%. At this rate of inbreeding, the proven bulls of the current Hanwoo breeding scheme pose no concern.
Comparison of the selection response of TBV, EBV, and PH for each trait among three different schemes (Supplementary Tables 8, 9 and 10) We compared the selection responses of the TBV, EBV, and PH schemes of the Hanwoo breeding program (CHPPT, MHPPT, and SHPT). Genetic trends for each trait with three different selection methods for each scheme are presented (see Supplementary Tables 8, 9 and 10). Selection for TBV, EBV, and on PH started in 1988. For all three selection methods, proven bulls were selected based on their phenotypic value of BW24 from 1983 to 1987. Therefore, apparent fluctuations occurred around 1988, after which the selection method stabilized and the BW12 steadily increased for all three methods. In cases of overlapping generations, the animals selected for breeding in the next generation would be the progeny of parents from different age groups and that exhibited different average genetic merit values. The candidate animals exhibited two or more different distributions with different means (Bichard et al., 1973) . Thus, using Falconer's (1996) equation for predicting the selection response (ΔG = h 2 S) from a single generation was difficult. For this reason, the genetic gain was calculated from the averaged true breeding values of animals by their birth year.
For BW12, as shown Table 5 , the annual genetic gains of TBV, EBV, and PH selection as predicted by the MHPPT scheme were 2.046 kg, 1.462 kg, and 1.147 kg, respectively. As expected, the selection efficiency of EBV was highly improved compared to that of the CHPPT scheme. Since the MHPPT scheme utilized female performance data for genetic evaluation, the accuracy of the EBV improved, while only male performance data were used for genetic evaluation in the CHPPT. Although BW12 in the SHPT scheme was incorporated in the selection index, the relative efficiency of EBV selection was not higher than that of the CHPPT or MHPPT schemes. The relatively low efficiency of EBV selection appeared to have been caused by attributes of traits comprising the selection index used in the SHPT scheme. The SHPT had no progeny test and the proven bulls were selected directly on their performances, which caused the performance of TBV selection to be far higher than that of other selection methods.
The genetic trend of ADG in a real Hanwoo population was 0.001 kg per year, as reported by Park et al. (1998) , which was a startling discovery at the time. However, such low gains were not impossible given that the maximum genetic gain potential estimated in this study was only 0.004 kg per year. For ADG, the annual genetic gains of TBV, EBV, and PH selection in the MHPPT were 0.007 kg, 0.005 kg, and 0.004 kg, respectively, and those in the SHPT were 0.007 kg, 0.004 kg, and 0.004 kg, respectively. These genetic gains were similar or higher than those of the CHPPT.
For both ULMA and UMS traits in the MHPPT scheme, the relative efficiencies were greater than those of CLMA and CMS. This could be explained by the lack of genetic and error correlations between ULMA and UMS, whereas for CLMA and CMS, these values were -0.02 for the genetic correlation and 0.17 for the error correlation. Therefore, the accuracy of EBV for ULMA and UMS could be higher than CLMA or CMS, largely due to a lack of an error correlation between the two ultrasound traits.
Overall, for the SHPT scheme, the responses of EBV selection were slightly higher than those of PH selection. This could be explained as follows. First, the selection was made based on the performance of the animal itself, which caused the performance of selection on PH to be relatively high in comparison to the other two schemes, in which carcass traits were measured via progeny. Second, the variation between the level of fixed effect was very low in this simulation (Table 9) , which might have made the phenotypic value close to the TBV. Particularly in UMS, the high heritability would overestimate the performance of PH selection. However, EBV selection was 5% more efficient on average for PH selection in the SHPT scheme. If the accuracy of ultrasound measurements were secured, PH selection could be used. In other cases, EBV selection should be recommended because it should maximize the use of the relatives' performance for predicting the EBV.
Trend of additive genetic variance (Supplementary Figure TBV-1-PH-8)
Ju (2001) investigated the reduction of additive genetic variance while simulating various selection methods for Hanwoo cattle. He reported that the additive genetic variance was reduced at the initial stages of simulation (until the 3rd generation of proven bulls was selected) but remained stable thereafter. Similar to the results of Ju (2001), we observed that the additive genetic variance decreased during the first 10 years of simulation. The trait under selection pressure tended to show more reduction in genetic variance, which was also observed by Ju (2001) .
The additive genetic variance computed for each trait and each breeding scheme, and selected using each selection method is summarized in Table 6 .
Within the CHPPT and MHPPT schemes, young bulls were selected based on BW12 and ADG, and proven bulls were chosen based on CWT, CLMA, and CMS. Particularly in the MHPPT scheme, BW12 and ADG were used to select heifers. In the SHPT scheme, BW12, ULMA, and UMS were used to select proven bulls. The traits under selection showed more reduction of additive genetic variance over all the schemes. Across all growth traits, the genetic variances of the CHPPT and MHPPT decreased more than that of the SHPT. However, the SHPT scheme showed a larger reduction in ULMA and UMS traits than the other two schemes.
In the TBV selection, additive genetic variance decreased, as well when the selection was made, based on the EBV. However, the magnitude of the reduction on EBV was lower than that of TBV selection. Therefore, the reductions in those traits were larger than in the other traits. For all growth traits, the genetic variance of the CHPPT and 4 Coefficient of determination of the linear regression (R88).
5 Relative efficiency to CHPPT. BW12 and BW24 = Body weight at the age of 12 and 24 months, respectively; ADG = Average daily gain tested from 6 to 12 months; CWT = Carcass weight at finish (24 months); CLMA = Carcass LMA; CMS = Carcass marbling score; ULMA = Ultrasound longissimus muscle area; UMS = Ultrasound measure of the marbling score.
MHPPT on EBV decreased more than that of the SHPT. However, similar to TBV selection, the SHPT scheme on the EBV showed larger reduction on ULMA and UMS traits than the other two schemes. Additionally, similar to TBV and EBV selection, additive genetic variance was reduced as well when the selection was made based on PH. However, the magnitude of reduction on PH was much lower than that of TBV or EBV selection. Except for ULMA and UMS, the reduction in all three schemes on PH showed similar patterns over the three breeding schemes. In ULMA and UMS, the SHPT scheme on PH showed larger reduction compared to the CHPPT and MHPPT schemes because the selection pressure of those traits in the SHPT was higher than that in other breeding schemes.
According to these simulations, the MHPPT scheme showed satisfying results when animals were selected based on the EBV. However, in terms of genetic gains, the SHPT was superior to both the CHPPT and MHPPT schemes. Although the SHPT scheme was the most efficient, in practice, the selection of Hanwoo gives more attention to its appearance rather than its performance, which proved to be the very reason not to replace the CHPT or MHPPT with the SHPT. Thus, our data suggest that the MHPPT and SHPT schemes performed better than the CHPPT in terms of genetic gain and population size and could be used in place of the CHPPT scheme. However, the simulation had many limitations for mimicking realistic conditions, and numerous assumptions were made that differed from actual practice. Therefore, the results of this research should be cautiously interpreted.
In this study, we developed an Integrated General Model (IGM), which consisted of three different schemes and suggested that the MHPPT was superior to the CHPPT, which mimicked the currently used Hanwoo improvement system. In addition, by modeling the new scheme, SHPPT, we were able to compare it with two different schemes. Furthermore, users could select the performance test step and the progeny test step according to their circumstances so that they can control the breeding schemes and selection methods of this system, IGM, by only manipulating the input parameters. -Supplementary Data -< General Assumption > All female animals with age greater than or equal to one year were mated once per year simultaneously hence all mated cows calved once a year. Therefore all mature female can be mated once a year. As a result it sets limitation to simulate real situation in which every day some cows can be inseminated and give birth. The use of random mating strategy prevented the utilization of planned mating and mimicking artificial insemination taken place in real Hanwoo farms.
ACKNOWLEDGMENTS
The simulation program was facilitated to run Tsuruta et al. (2001)'s BLUPF90IOD for estimation of breeding values. In simulation the record of animal was generated using linear model as follows:
Where, Y ijkl = observation of l th animal in i th year, j th sex, k th herd Year i = i th year effect (1978-2020) Sex j = j th sex effect (male and female) Herd k = k th herd effect (1, 2, 3) animal ijkl = additive genetic effect of l th animal error ijkl = random residual effect. The value of each level for year and herd effects was chosen at the beginning of simulation and used throughout the process. The average value of sex effect was given as a parameter and only the sex was determined at random. In Table 1 , the number of levels and level value ranges of each effect are listed. 1 BW12 and BW24 = Body weight at age of 12 and 24 months, ADG = Average daily gain tested from 6 to 12 months, CWT = Carcass weight at finish (24 months), CLMA = Carcass LMA, CMS = Carcass marbling score, ULMA = Ultrasound measure of longissimus muscle area, UMS = Ultrasound measure of marbling score. 2 Genetic correlations are above diagonal, phenotypic correlations are below diagonal. 3 Genetic correlation was adjusted from 0.93 to 0.90 to make genetic variance-covariance matrix to be positive definite. 4 Genetic correlation between BW24 and MS was assumed 0 because there was only one estimate with 0.25 and it had been known that it was negative (Koots, 1994) . 5 The correlation between ULMA and UMS was assumed 0, while those with other traits are assumed to be same as CLMA and CMS. 1 BW12 and BW24 = Body weight at age of 12 and 24 months, ADG = Average daily gain tested from 6 to 12 months, CWT = Carcass weight at finish (24 months), CLMA = Carcass longissimus muscle area, CMS = Carcass marbling score, ULMA = Ultrasound measure of longissimus muscle area, UMS = Ultrasound measure of marbling score. 2 The correlations between ULMA, UMS with other traits were assumed to be same as those of CLMA and CMS, respectively, and the correlation between two ultrasound measures was set to be zero. 1 BW12 and BW24 = Body weight at age of 12 and 24 months, ADG = Average daily gain tested from 6 to 12 months, CWT = Carcass weight at finish (24 months), CLMA = Carcass longissimus muscle area, CMS = Carcass marbling score, ULMA = Ultrasound measure of longissimus muscle area, UMS = Ultrasound measure of marbling score. 2 Residual variance-covariances were calculated by subtracting additive genetic variance-covariances from phenotypic variance-covaraiances, and phenotypic variance-covaraiances were calculated from phenotypic correlations and variances listed in Table 1 . <Comparison of the selection response of TBV, EBV, and PH for each scheme> 4 Relative efficiency to TBV selection. BW12 and BW24 = Body weight at age of 12 and 24 months, ADG = Average daily gain tested from 6 to 12 months, CWT = Carcass weight at finish (24 months), CLMA = Carcass LMA, CMS = Carcass marbling score, ULMA = Ultrasound longissimus muscle area, UMS = Ultrasound marbling score, TBV = True breeding value, EBV = Estimated breeding value, PH = Phenotypic value. 4 Relative efficiency to TBV selection. BW12 and BW24 = Body weight at age of 12 and 24 months, ADG = Average daily gain tested from 6 to 12 months, CWT = Carcass weight at finish (24 months), CLMA = Carcass LMA, CMS = Carcass marbling score, ULMA = Ultrasound longissimus muscle area, UMS = Ultrasound marbling score, TBV = True breeding value, EBV = Estimated breeding value, PH = Phenotypic value. 4 Relative efficiency to TBV selection. BW12 and BW24 = Body weight at age of 12 and 24 months, ADG = Average daily gain tested from 6 to 12 months, CWT = Carcass weight at finish (24 months), CLMA = Carcass LMA, CMS = Carcass marbling score, ULMA = Ultrasound longissimus muscle area, UMS = Ultrasound marbling score, TBV = True breeding value, EBV = Estimated breeding value, PH = Phenotypic value. 
